The accessibility of high-throughput sequencing has revolutionized many fields of biology. In order to better understand host-associated viral and microbial communities, a comprehensive workflow for DNA and RNA extraction was developed. The workflow concurrently generates viral and microbial metagenomes, as well as metatranscriptomes, from a single sample for next-generation sequencing. The coupling of these approaches provides an overview of both the taxonomical characteristics and the community encoded functions. The presented methods use Cystic Fibrosis (CF) sputum, a problematic sample type, because it is exceptionally viscous and contains high amount of mucins, free neutrophil DNA, and other unknown contaminants. The protocols described here target these problems and successfully recover viral and microbial DNA with minimal human DNA contamination. To complement the metagenomics studies, a metatranscriptomics protocol was optimized to recover both microbial and host mRNA that contains relatively few ribosomal RNA (rRNA) sequences. An overview of the data characteristics is presented to serve as a reference for assessing the success of the methods. Additional CF sputum samples were also collected to (i) evaluate the consistency of the microbiome profiles across seven consecutive days within a single patient, and (ii) compare the consistency of metagenomic approach to a 16S ribosomal RNA gene-based sequencing. The results showed that daily fluctuation of microbial profiles without antibiotic perturbation was minimal and the taxonomy profiles of the common CF-associated bacteria were highly similar between the 16S rDNA libraries and metagenomes generated from the hypotonic lysis (HL)-derived DNA. However, the differences between 16S rDNA taxonomical profiles generated from total DNA and HL-derived DNA suggest that hypotonic lysis and the washing steps benefit in not only removing the human-derived DNA, but also microbial-derived extracellular DNA that may misrepresent the actual microbial profiles.
Introduction
Viral and microbial communities associated with the human body have been investigated extensively in the past decade through the application of sequencing technologies 1, 2 . The outcomes have led to the recognition of the importance microbes in human health and disease. The major initiative came from the human microbiome project that describes the bacteria (and some archaea) residing on human skin, and within oral cavities, airways, urogenital tract, and gastrointestinal tract 3 . Further microbiome studies of healthy human airways through bronchoalveolar lavage (BAL) 4, 5 and nasopharyngeal swabs 4 have shown that the lung can serve as an environmental sampling device, results in transient microbial colonization in the airways. However, the impact of microbial colonization in impaired airway surfaces can lead to severe and chronic lung infections, such as those seen in Cystic Fibrosis (CF) patients.
CF is a lethal genetic disease caused by the mutation in Cystic Fibrosis Transmembrane Regulator (CFTR) gene 6 . These mutations give rise to defective CFTR proteins that in turn affect transepithelial ion transport across the apical surface of the epithelium. The disease affects multiple organ systems, but the majority of mortality and morbidity is attributable to CF lung disease Microbial DNA isolated from animal-associated samples often contains a large amount of host DNA. CF sputum or lung tissue samples usually contain a large amount of human DNA released by neutrophils in the immune response, often greater than 99% of the total DNA [12] [13] [14] . Although some intact human cells may be present, most of this DNA is free in solution or adsorbed to the surface of microbes. In addition, the presence of exceptionally viscous mucus plugs, cellular debris, and other unknown contaminants further complicate isolation of microbial cells. Several methods were tested for depleting these samples of human DNA, including Percoll gradients to separate human from microbial cells 15 , treatment with DNase I, ethidium bromide monoazide to selectively degrade human DNA 16 , and the MolYsis kit, all with limited success. To date the most effective microbial DNA purification procedure for CF sputum has been a modification of the process described by 17 . This approach, herein known as hypotonic lysis (HL) method, uses a combination of β-mercaptoethanol to reduce mucin disulfide bonds, hypotonic lysis of eukaryotic cells, and DNase I treatment of soluble DNA 9 . Despite the lack of alternatives the HL method raised some concerns due to (i) possible biases resulting from unwanted lysis of microbes and (ii) whether the observed fluctuations in community composition 9, 10 are an artifact of variations associated with the sample processing. In addition to the generation of shotgun metagenomes, we address these issues by comparing the 16S rRNA gene profiles of the total DNA and microbial DNA extracted from the HL method using the same set of sputum samples collected from a single patient across seven consecutive days.
Compared to microbial communities, the characterization of viral communities associated with animals is limited 18, 19 . The viral communities in CF airways have only been characterized minimally [20] [21] [22] . The first metagenomic study characterizing the DNA of viral communities in CF airways showed that most viruses associated with CF lungs are phages 20 . The metabolic potential of phage in CF and non-CF individuals was significantly different. Specifically, the phage communities in CF individuals carried genes reflective of bacterial host adaptations to the physiology of CF airways, and bacterial virulence 20 . Subsequent metagenomic studies of viruses in CF lung tissue demonstrated distinct spatial heterogeneity of viral communities between anatomical regions 22 . In addition, CF lung tissue harbored the lowest viral diversity observed to date in any ecosystem 22 . Most viruses identified were phages with the potential to infect CF pathogens. However, eukaryotic viruses such as herpesviruses, adenoviruses, and human papilloma viruses (HPV) were also detected. In one event, where cysts in the lung tissue were observed during dissection, more than 99% of a human papillomavirus genome was recovered, even though the patient was never diagnosed with a pulmonary papilloma or carcinoma. This indicates that the viral diversity present not only reflects the severity of tissue damage, but may also expose and explain an underlying uncharacterized disease. The protocols described here provide a simple, yet powerful way to isolate virallike particles (VLPs) from samples that consist of large amounts of thick mucus, host and microbial cells, free DNA, as well as cell debris.
Complementing metagenomics, metatranscriptomics is used to monitor the dynamics in gene expression across the microbial community and the host 9, 23 . In this case, both microbial and host mRNA need to be preferentially selected. Since bacterial mRNAs are not polyadenylated, an oligo-dT-based mRNA pull-down method cannot be exploited. Polyadenylation-dependent RNA amplification cannot be used in host-associated samples if the samples are known to contain large amounts of eukaryotic mRNA. Many animal-associated samples, including CF sputum, contain a high density of cells in addition to high amounts of cellular debris and nucleases that include RNases. Therefore, another challenging task is to prevent extensive RNA degradation during metatranscriptome processing. In most cases, total RNA extracted from CF sputum is partially degraded, limiting the downstream applications and utility of the derived RNA. In recent years, several approaches for rRNA depletion have been developed and adapted in commercially available kits. The efficacy of these approaches is however limited, especially when working with partially degraded rRNA 9, 24 . The methods employed here allowed for the retrieval of partially degraded total RNA suitable for efficient downstream total rRNA removal. Direct comparison of the efficiency in rRNA removal from partially degraded total RNA comparing two different kits was illustrated by Lim et al. (2012) 9 .
Overall, the goal of this manuscript is to provide a complete set of protocols (Figure 1) to generate viral and microbial shotgun metagenomes, and a metatranscriptome, from a single animal-associated sample, using induced sputum sample as an example. Molecular laboratory workflow should include separate pre-and post-amplification areas to minimize cross-contamination. The methods are easily adaptable to other sample types such as tissue 22 , nasopharyngeal and oropharyngeal swabs 25 , bronchoalveolar lavage (BAL) and coral (unpublished data). Each sample should be processed immediately upon collection especially when microbial metagenomics and metatranscriptomics studies are desired. If the samples were frozen, it limits the isolation of intact microbial cells for microbial metagenomes as freezing potentially disrupt the cell integrity. However, freezing does not preclude metatranscriptomics and viral isolation, but the quality of RNA and amount of viral particles recovered may be affected through the freeze-thaw process. It is important to note that induced sputum has served as the primary source of samples in many studies associated with adult CF patients and other chronic pulmonary diseases 26, 27 as BAL can be too invasive. In our studies, sputum samples were collected with a careful and consistent sampling method, i.e., following mouthwash and rinsing of the oral cavity using sterile saline solution to keep oral microbes contamination within the sputum samples to a minimum.
Protocol
NOTE: Induced sputum samples were collected in accordance with the University of California Institutional Review Board (HRPP 081500) and San Diego State University Institutional Review Board (SDSU IRB#2121), by the research coordinator of the University of California, San Diego (UCSD) adult CF clinic.
presented workflow are summarized here ( Table 1) . Seven samples (CF1-D, CF1-E, CF1-F, CF4-B, CF4-C, CF5-A, and CF5-B; Table 1 ) were processed as described in Section 2. The generated viromes contained little (0.02%-3.7%) human-derived sequences with only one exception (70%). CF4-A was omitted from the density gradient ultracentrifugation step (CF4-A) and the virome generated from this specific sample contained >97% human-derived sequences ( Table 1 ). Figure 2 shows an example of the epifluorescence microscopy image of a typical CF sputum sample before ( Figure 2A ) and after ( Figure 2C ) density gradient ultracentrifugation. Clear viral-like particles (VLPs) were observed in the micrographs without large particles following the density gradient separation. After VLPs DNA extraction, bacterial contamination is often tested using 16S rDNA amplification prior to the sequencing of VLPs DNA.
Microbial Metagenomes
Seven sputum samples presented here were collected from a single CF patient across seven consecutive days. The patient started on oral antibiotic (Ciprofloxacin and Doxycycline) on Day 3 after the sputum was collected. The volume of each sputum sample collected from this patient was 15 ml throughout the 7 days; therefore, PBS was not added to the sample. The goal of this sampling event was to evaluate the protocols presented in this workflow by (i) evaluating the daily fluctuation of microbial community structure, and (ii) compare the microbial community structure and resolution between metagenomics and 16S rDNA sequencing. Therefore, total DNA and HL-DNA were extracted from each sample.
The HL-DNA concentration of each sputum sample following DNA extraction is presented in Table 2 . The total yield of HL-DNA ranged from 210 ng to >5 μg. Illumina sequencing libraries were generated with a total starting material of 1 ng for each sample (Figure 3 ). The characteristics of the metagenomics data are presented in Table 2 . All but one library yielded more than 1 million sequences and more than 85% high quality sequences were retained upon data preprocessing using the PRINSEQ 29 software. All datasets were first preprocessed to remove duplicates and sequences of low quality (minimum quality score of 25), followed by further screening and removal of human-derived sequences using DeconSeq 30 . The amount of human-derived sequence contamination is highly dependent on the sample properties. Here, the total amount of human-derived sequences ranged from 14-46% ( Table 2 ). The preprocessed sequences were then annotated using the Metaphlan 31 pipeline as well as MG-RAST 32 server.
In addition to metagenomes, 16S rDNA amplicon libraries were generated from both the total DNA and HL-DNA via primers targeting approximately 300 bp of the V1-V2 variable region in the 16S rRNA gene 33, 34 . PCR products from individual samples were normalized and pooled for sequencing using the Illumina 500-cycle paired-end sequencing performed on the MiSeq platform. Paired-end 16S rDNA amplicon sequences were sorted by sample via barcodes using a python script and the paired reads were assembled using phrap 35, 36 . Assembled sequence ends were trimmed until the average quality score was ≥20 using a 5 nt window. Potential chimeras were then removed using Uchime 37 against a chimera-free subset of the SILVA 38 reference sequences. Taxanomy was assigned to the high quality reads with SINA 40 (v2.9.4, www.explicet.org) was used for analysis and figure generation. Alpha-diversity (intra-sample) and betadiversity (inter-sample) were calculated in Explicet at the rarefaction point of 72,603 sequences with 100 bootstrap re-samplings.
The first question targeted by this study was whether hypotonic lysis preferentially selects for (i.e., preferentially retains or lyses) particular groups of microbes. After the first hypotonic lysis, re-suspended pelleted cells were subsampled from the first two samples (CF1-1A* and CF1-2A*) to compare with the same samples after the second hypotonic lysis (CF1-1and CF1-2). All samples were treated equally, i.e., treated with DNase I prior to DNA extraction, followed by DNA extraction and the sequencing pipeline. As shown in Figure 4 , the microbial profiles of the subsamples are highly similar to the samples after two hypotonic lysis treatments. In addition, the second hypotonic lysis increases the fraction of non-human sequences by 6-17% within the metagenomes ( Table 2 ). c tBLASTx hits against in-house viral genome database. The percentage was calculated using the total number of preprocessed reads.
d Reads with no BLASTn hit against the NCBI nucleotide database. The percentage was calculated using the total number of preprocessed reads.
Some reads with no BLASTn hit against the NCBI nucleotide database were identified as viral at protein level in the tBLASTx analysis. . Seven samples (CF1-D, CF1-E, CF1-F, CF4-B, CF4-C, CF5-A, and CF5-B) were processed as described in Section 2 and generated viromes that contained little (0.02% -3.7%) human-derived sequences with one exception (70%). CF4-A was omitted from the density gradient ultracentrifugation step (CF4-A) and generated virome that contained > 97% human-derived sequences. 65% * 1 ml of sample was subsampled from CF1-1 and CF1-2 following the first hypotonic lysis step (Step 3.1.5) before the second hypotonic lysis procedure. The cells were spun down as described in 3.1.7 and proceed through the remaining protocol without any modification.
Concentration
a Unprocessed Illumina reads from a 2 x 300 bp MiSeq sequencing run.
b Reads were assessed, trimmed, and removed based on quality and length as described in the discussion. , which has additional comparison of other rRNA removal kits and the effect of cDNA nebulization prior to sequencing library preparation.
Discussion

Viral Metagenomics
Viral particles are concentrated using polyethylene glycol (PEG) precipitation or small volume concentrators. In some cases, concentration may not be needed, but pre-filtration or low speed centrifugation steps are used to remove eukaryotic and microbial cells. Viral lysates will be further enriched and purified using density gradient ultracentrifugation 9, 41 or small size filters (e.g., 0.45 μm) to remove eukaryotic and large microbial cells 25 . Density gradient ultracentrifugation is typically performed with dense but inert solutions such as sucrose or cesium chloride to isolate and concentrate viral particles 41 . Physical separation is based on the size and buoyant density of viral particles. Therefore, proper choice of filter pore size and the rigorous preparation of gradients are essential to isolate specific viral communities, as the success of the physical recovery of VLPs determines the community isolated 41 (i.e., viral particles that do not pass through the filter or fall within the extraction density will not be detected in the metagenome). After viral isolation and concentration, there may be contaminating non-viral genomic material present in the sample both in the form of free nucleic acids and microbial and eukaryotic cells. Therefore, it is critical to verify the purity of viral particles in samples ( Figures  1A and 1B) . A chloroform treatment is commonly used to lyse remaining cells, followed by nuclease treatment to degrade free nucleic acids prior to nucleic acid extraction.
A caveat to the presented workflow was the use of density gradient separation to isolate viral particles as it may exclude enveloped viral particles that may be too buoyant to enter the CsCl gradient. An alternative "catch-all" method is to omit the density gradient separation and isolate the community DNA from the 0.45 μm -filtrates treated with chloroform and DNase I. This approach is also appropriate to accommodate small sample volumes such as those from swabs or blood plasma. However, this may result in chloroform-resistant bacterial contamination and higher amount of DNase I-resistant extracellular DNA.
Current sequencing protocols require 1 ng to 1 μg of nucleic acids for sequencing library preparation whereby higher DNA yields provide a wider choice of sequencing options. The DNA concentration of generated viromes often ranges from below the detection limit to more than 200 ng/μl. The amount of viral nucleic acids recovered may be insufficient for direct sequencing library preparation. In such cases, nucleic acid amplification is essential. Linker amplification shotgun libraries (LASLs) 2,42,43 and whole genome amplification based on multiple displacement amplification (MDA) are the two methods most commonly used to generate sufficient DNA for sequencing. MDA methods such as those based on Phi29 DNA polymerase are known to suffer from amplification biases, and may preferentially amplify ssDNA and circular DNA, resulting in non-quantitative taxonomical and functional characterization 44, 45 . An optimized version of the LASLs approach has been shown to introduce only minimal biases, promotes higher sensitivity (for small amounts of starting material), and is easily adapted for different sequencing platforms 43 . However, the approach has many steps, requires specialized equipment to minimize DNA loss, and is limited to dsDNA templates. In our laboratory, this approach has been successfully adapted to amplify detectable and undetectable amount of DNA extracted from bronchoalveolar lavage-, coraland sea water-derived VLPs (unpublished and Hurwitz et al.
) for taxonomic and functional assignment in viral metagenomes possess inherent challenges. Many sequences fail to have significant similarities to genomes in the database, and therefore, are classified as unknown. Even though homology-based searches are the most important applications for assigning taxonomy and function to sequence data, alternative approaches based on databaseindependent analysis have been developed [48] [49] [50] . Fancello et al. 51 provide a complete review of computational tools and algorithms used in viral metagenomics.
Microbial Metagenomics
Typically, the total amount of DNA extracted from hypotonic lysis-treated microbial communities (HL-DNA) range from 20 ng to 5 μg. The yield is highly dependent on the patient's health status and the amount of sputum sample collected, which explains the variations seen in the total yield of HL-DNA extracted in this study ( Table 2 ). The critical steps to generate good quality sequence data rely on the quality of sequencing libraries generated. Figure 2 shows a typical size range for the sequencing libraries generated from CF sputum-derived microbial DNA using an enzymatic-based DNA fragmentation procedure. The optimal library size is dependent on the choice of sequencing platform and application, and therefore, the fragmentation procedure can be optimized, if necessary, through alternative approaches such as sonication and nebulization. In addition to the presented representative results, the success of the presented method on CF sputum collected from multiple patients across multiple time points is also illustrated in Lim Previous studies 9, 10 suggest that every patient harbors a unique set of microbial community that shifts over time, thereby reflecting the persistence of the major players within the community while fluctuations are likely due to perturbations such as antibiotic treatments. Whether these fluctuations occur daily even without external perturbations or due to sampling procedure and sample processing, is still in question. Based on the HL-DNA metagenomic and 16S rDNA amplicon analysis, the 7-day longitudinal sampling shows that the daily fluctuation of microbial profiles without antibiotic perturbation (Day 1, 2, and 3) was minimal ( Figures 3A and 3B) . Upon introduction of oral antibiotics immediately after the Day 3 sampling, changes in the community profile became apparent on Day 4. While the antibiotic ciprofloxacin targets a broad spectrum of known bacterial pathogens such as P. aeruginosa, Staphylococcus aureus, and Streptococcus pneumonia, the treatment increased the relative abundance of P. aeruginosa while decreasing the Streptococcus spp. and P. melaninogenica. By Day 6, the community slowly recovered to the initial starting community structure. The results suggest that fluctuations of microbial profiles within a single patient are more likely due to community perturbations in the airways.
Given the consistency between the microbial profiles of 16S rDNA libraries and metagenomes from HL-derived DNA, we ruled out the biases originating from the 16S rRNA primers used in this study. One possible explanation for the differences seen across 16S rDNA taxonomical profiles generated from total DNA and HL-derived DNA ( Figure 3B ) may be the presence of high amounts of Pseudomonas spp. extracellular DNA after the antibiotic treatment. This is supported by the findings that these differences were most apparent at Day 7, three days after the antibiotics treatment, which targets Pseudomonas spp. in addition to others. Ciprofloxacin is commonly used as the first-line treatment in patients with CF and chronic P. aeruginosa infection even though its spectrum of activity includes most CF-associated pathogens. We hypothesized that the antibiotic treatment eradicates susceptible communities including Streptococcus spp. and hence creating a niche filled by resistant P. aeruginosa. Pseudomonas aeruginosa may gain resistance through increasing its biofilm communities and extracellular DNA has been shown to be the main structural support of its biofilm architecture 52 . Even as the community structure recovered, extracellular DNA may have remained in the CF sputum. Therefore, these data suggest that hypotonic lysis and the washing steps presented in this workflow potentially benefit in not only removing the human-derived DNA, but also microbial-derived extracellular DNA that may misrepresent the actual microbial profiles.
Metatranscriptomics
A high quality metatranscriptome should contain relatively few ribosomal RNA (rRNA) sequences and represent an unbiased sampling of the community transcripts (mRNA). Due to the short half-life and limited amount of mRNA, it is critical that the protocol, as presented here, minimizes sample handling to maximize the number of transcripts recovered.
In recent years, several approaches for rRNA depletion have been developed and adapted in commercially available kits. These include MICROBEnrich, Ribo-Zero, and sample-specific subtractive hybridizations 53 that are based on oligonucleotide hybridization, and the mRNA-ONLY kit that is based on exonuclease enzymatic activity targeting RNA containing a 5' monophosphate. In addition, several approaches for mRNA enrichments such as the MessageAmp II-Bacteria Kit that preferentially polyadenylates and amplifies linear RNA are also available. Some of these methods (e.g., mRNA-ONLY, MICROBExpress and the MessageAmp) are used concurrently for optimal efficiency. However, the efficacy of all of these approaches are limited, especially when working with partially degraded rRNA, as often observed in total RNA extracted from CF samples. Polyadenylation-dependent RNA amplification cannot be used to generate metatranscriptomes consisting of both eukaryotic and prokaryotic mRNA. In addition, the poly(A) tail added to the sequences may reduces the amount of useful sequence data. Regions with homopolymer stretches will tend to have lower quality scores, causing a significant number of reads to be filtered out by sequencing and postsequencing software, and the average useful read length after trimming off poly (A) tails will be reduced significantly 54 .
Dealing with complex CF microbial communities and partially degraded RNA (Figures 4A and 4C) , our previous study showed that the hybridization-capture method by the Ribo-Zero Gold kit was more effective in removing both human and microbial rRNA compared to the combine treatments using other kits 9 ( Table 3) . The resultant data allows concurrent analysis of both human host and microbial transcripts.
Depending on the yield and quality of RNA, as well as ultimate choice of sequencing platform, many of these processes including the cDNA synthesis step can be streamlined with sequencing library generation. For example, Ribo-Zero treated RNA can be used to make metatranscriptome sequencing libraries using ScriptSeq RNA-Seq Library Preparation kit.
Metagenomic analysis of animal-associated communities provides a comprehensive representation of the overall functional entity that includes the host and its associated communities. The workflow presented here is adaptable to a variety of complex animal-associated samples, especially those that contain thick mucus, high amounts of cell debris, extracellular DNA, protein and glycoprotein complexes, as well as host cells in addition to the desired viral and microbial particles. Even though viral and microbial particles may be lost at every step, particles isolation and purification are essential to minimize the amount of host DNA. While the metagenomics data provides metabolic potentials of the communities examined, metatranscriptomics complement this by revealing the differential expression of encoded functions 9 . A comprehensive assessment of the genomics and transcripts data has yielded new insights to the dynamics of community interactions and facilitates the development of improving therapies 9, 10, 55 .
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